ABSTRACT: Excessive wear has been one of the major failure modes of metal-on-metal hip implants. From a collection of 541 retrieved ASR metal-on-metal implants, we selected those head-cup pairs with combined wear >100 mm 3 , (N ¼ 42) to assess the distributions of wear volume on cups, and non-conformance in the worn areas at the head-cup interfaces. All 42 had severe cup edge wear (average maximum wear depth 500 mm). On average, 58% of wear volume of cups occurred at the edge areas, whereas 42% occurred well inside the socket, indicating that substantial wear volume of cups was generated well inside the socket. Particularly, in eight cups, more than half of the wear volume occurred well inside the socket. The head-cup conformance in the worn areas was deteriorated. On average, in worn areas, head-cup clearance was approximately eight times greater than in unworn areas, and the sphericity of heads and cups was approximately 36 times and 84 times higher, respectively, than in unworn areas. The radius of curvature of the worn surfaces of heads and cups varied widely, with an average variation of 3 mm (0.6-7 mm) and 11 mm (2-47 mm) for heads and cups, respectively. The severely deteriorated conformance at the edge areas and the areas well inside the socket, due to edge contact, could be the major factor for excessive wear of these 42 pairs. ß
In all studies of retrieved Metal-on-Metal (MoM) hip replacements, edge wear has been reported in the majority of acetabular cups. [1] [2] [3] [4] [5] [6] [7] It is generally believed that edge loading results in high contact stresses and/or interruption of lubrication, leading to excessive wear. 1, 3, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] In our previous study of 541 ASR MoM retrievals, 16 97% of the cups had edge wear. Forty-two pairs (8%) had a combined wear volume of >100 mm 3 , 319 pairs (60%) had wear volume from 10 to 100 mm 3 , and 169 pairs (32%) had volume of <10 mm 3 . For the present study, we selected those with highest wear, that is, 42 head-cup pairs with volumetric wear >100 mm 3 . While all 42 showed severe edge wear, 27 also exhibited worn surfaces extending from the edge to the dome region or beyond; in these cups, worn areas covered 42-77% of the entire cup surface (mean 62%). However, the remaining 15 cups had worn surfaces mainly at the edge and near the edge, covering between 31 and 65% of the bearing surface (mean 50%).
Since the worn area was not always concentrated near the edge, we considered two different wear modes, as categorized by other investigators 3, 17, 18 : (1) edge wear, with the center of the contact patch at, or just below, the cup edge, with the contact patch extending beyond the edge and (2) the entire contact patch well inside the socket.
In virtually all previous investigations, wear depth maps have been used to infer wear mechanisms in retrievals. However, since wear volume is determined by integration of wear depth over the worn area, wear depth maps alone do not clearly show how the wear volume is distributed over the bearing surfaces. Specifically, it is unknown whether excessive wear is generated at the edge areas, or occurs at both the edge areas and areas well inside the socket. If the latter is true, it indicates that adverse conditions, such as increased contact stress and interrupted lubrication, may occur not only at the edge, but also at the bearing areas well inside the socket, causing deteriorated conformance of the contacting surfaces.
In the present study, we used measurements from 42 head-cup pairs of retrieved ASR MoM hip replacements, 16 which had combined head-cup wear volume >100 mm 3 , to examine two hypotheses: (1) In addition to edge areas, a substantial portion of wear volume occurred in bearing areas well inside the socket. To examine this hypothesis, the distribution of wear volume in worn areas was estimated. (2) Conformance at bearing surfaces deteriorated not only at edge contact areas, but also in areas well inside the socket. To examine this hypothesis, the clearance, sphericity, and curvature of worn areas were estimated.
MATERIALS AND METHODS

Retrieved ASR Implants
We previously reported the linear wear depth map and wear volume in 541 retrieved ASR implants based on measurements using a coordinate measuring machine (CMM). 16 The maximum cup wear depth occurred at or near the edge in 97% of these retrievals. The head-cup wear volume varied widely, from 1 to 636 mm 3 (median 14 mm 3 ). A total of 42 pairs (8%) had the highest wear, combined wear volume of >100 mm 3 , whereas 169 pairs (32%) had <10 mm 3 . For this study, we investigated the 42 head-cup pairs with maximum wear, to examine the two hypotheses mentioned above. The 42 pairs had an average duration of 4.8 years (1.9-9.2 years), and an average combined wear volume of 213 mm 3 (102-636 mm 3 ), giving an average wear rate, 49 mm 3 /year (18-99 mm 3 /year). All 42 cups showed severe edge wear with the maximum depth occurring at the edge, and an average of the maximum wear depth of 500 mm (169-968 mm).
Distributions of Wear Volume as a Function of Wear Depth
Volumetric wear was calculated for each region of the wear depth in the wear depth map, for each cup, mapping volumetric wear as a function of wear depth. For example, the wear map of one cup (Fig. 1a) shows the six zones of wear depth. The wear volume in each of the six zones was calculated separately, using the same method for calculating total wear volume described previously. 16, 19 Distributions of Wear Volume as a Function of Edge or None-Edge Wear Edge wear was defined as wear that was produced by the border of the head-cup contact patch crossing the edge. 3, 18 In contrast, none-edge wear was defined as the entire contact patch being inside the socket.
To differentiate between edge wear and none-edge wear, each cup bearing surface was divided into Region A and Region B (Fig. 2) , based on the contact patch radius. The contact patch radius was calculated using Hertzian elastic contact formula for each pair, with elastic modulus of 225 GPa, Poisson's ratio, 0.3, load, 2000N, and head and cup diameters. By placing the contact patch just below (tangential to) the cup rim and rotating it latitudinally, the contact patch center formed a latitudinal circle, C ab , (Fig. 2) , with a distance to the cup rim equal to the contact patch radius. This circle divided each cup into edge and none-edge areas.
The wear volume in Region A (Fig. 2 ) was assumed to be produced predominantly by contact well inside the socket. In contrast, the wear volume in Region B, that is, between the circle C ab and the cup rim, was assumed to be produced mainly by the edge contact. The wear volumes in Regions A and B were calculated separately.
Clearance and Sphericity in Worn Areas
The head-cup clearance and sphericity in the worn areas of heads and cups were measured and compared to those in unworn areas based on our previous study. 16 The clearance and sphericity of the unworn areas were presumed as the manufactured conditions of new (unimplanted) heads and cups. Using the same method as in the previous study, 16 the clearance and sphericity of the worn areas were calculated. The differences in head-cup clearance and sphericity between worn and unworn areas indicated changes in conformance of the bearing surface due to wear.
Curvature of Bearing Surfaces
To further examine changes in shape of bearing surfaces due to wear, the radius of curvature of a representative curve on the bearing surface of each head and cup was measured and calculated. The representative curve was selected as the intersection of the cup (Fig. 1a) or head (Fig. 1b) surface, and a plane that passed through the center, the dome and the point with the maximum wear depth of a head or cup. The Regions A and B were generated using the radius of the head-cup contact patch estimated using Hertzian elastic contact formula. Wear in Regions A and B was assumed to be mainly non-edge and edge wear, respectively.
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LU AND EBRAMZADEH curve started and ended six degrees beyond the equator for each head, covering 192˚of arc angle, and from edge to edge for each cup, covering 150˚of arc angle. The curve was measured using a CMM (Legex 322; Mitutoyo America Corp., Aurora, IL) (resolution 0.01 mm, accuracy <1 mm).
The curve was a plane curve by setting the y-z plane of the coordinate system coincident with the plane that formed the curve as shown on Figure 1 . That is, the curve was a function of coordinates x and z, with coordinate y equal to zero. When expressed parametrically as S (u) ¼ (x (u), z (u)), where u is the central angle, curvature k could be calculated using the formula 20 :
where single and double primes refer to the first and second derivatives d du , respectively, with respect to the parameter u. Since the curve was represented by discrete CMM data points, its curvature k was calculated numerically using a user-compiled MATLAB script (MathWorks Inc., Natick, MA). The calculations are detailed in the Appendix.
Clinical Information
For completeness, available clinical information is reported here; however, it was not used in testing of hypotheses due to incomplete information. Duration of implantation was reported for 35 pairs, with median 4.8 years (range 1.9-9.2). Wear tended to increase with increasing follow-up (R 2 ¼ 0.22). Cup inclination was reported in only seven cases, varying between 45˚and 64˚; blood Cr concentration was only available in four cases, varying between 14 and 83 mg/L, Co between 8 and 200 mg/L. 17 patients had activity information: nine moderate activity levels, seven high, and one low.
RESULTS
Distribution of Wear Volume as a Function of Wear Depth
The distributions of wear volume as a function of wear depth are shown in Figure 3 for two representative cups: One with wear depth distributed relatively evenly on the bearing surface (Fig. 3a) , compared to another with wear depth more concentrated on the edge (Fig. 3b) . For the former, the area with the highest wear depth, 609-735 mm, had a wear volume of 39 mm 3 out of the total volume of 405 mm 3 . Similarly, for the latter, the area with the highest wear depth, 749-898 mm, had a wear volume of only 16 mm 3 out of the total wear volume of 180 mm 3 . The same type of pattern was observed with all 42 cups. On average, the wear volumes corresponding to the highest ranges of wear depth, that is, the highest 1/6, 1/3, or 1/2 wear depth regions for each cup, produced 8, 24, and 44% of total wear volume, respectively. Therefore, a substantial portion of wear originated in the extended areas well below the edge, and was associated with the mid and low ranges of wear depth. This was consistent with the fact that the worn areas with the greatest wear depth were much smaller than the areas with lower wear depth. On average, the surface areas associated with the greatest wear depth, that is, the 1/6, 1/3, or 1/2 wear depth regions, covered 2, 6, and 13% of the total worn surface areas, respectively.
Distributions of Wear Volume as a Function of Edge or None-Edge Wear
Considering all cups, a substantial portion of the total wear volume originated in Region A (well inside the socket); on average, 42% (19-61%) (Fig. 4) . In eight cups, Region A produced more than half of the total wear volume; on average, 55% (51-61%) (Fig. 4) . In another 17 cups, Region A produced an average of 47% (42-50%) of the total wear volume (Fig. 4) .
Region B, that is, the area at or near the edge (Fig. 2) , produced an average of 58% (39-81%) of the total wear volume (Fig. 4) . In 34 cups, Region B produced half or more of the total wear volume (average of 61%, range 50-81%) (Fig. 4) . In contrast, in eight cups, Region B produced less than half of the total wear volume (average 45%, range 39-49%) (Fig. 4) .
Clearance and Sphericity in the Worn Areas
The initial or as-manufactured head-cup clearance, estimated using the CMM data points in the unworn areas of the heads and cups, was average 84.5 mm (45-124 mm) (Fig. 5) . The head-cup clearances in the 42 pairs in the present study, with wear volume >100 mm 3 , were comparable to the remaining 488 pairs in our previous study (p ¼ 0.88) 16 which had wear <100 mm 3 . The initial or as-manufactured ORIGINS OF WEAR sphericity for the heads and cups, calculated using the CMM data points in the unworn areas of the heads and cups, was average 4 mm (2-5 mm) and 4 mm (2-10 mm), respectively (Fig. 6) .
In contrast, the worn areas had an average clearance of 320 mm (35-768 mm), which was about eight times greater than the initial clearance (Fig. 5) . The worn areas of the heads and cups had an average sphericity of 151 mm (12-661 mm) and 341 mm (115-789 mm), about 36 times and 84 times larger than the initial for heads and cups, respectively (Fig. 6) .
Curvature of the Bearing Surface
Here, we present the inverse of curvature, 1/k, or radius of curvature for clarity. As shown in Figures 7  and 8 for a representative head-cup pair, the radius of curvature (1/k) varied widely within each worn area. In Figure 7 , the cup radius of curvature had a peak near the edge, decreasing steeply in Sector C1 of the line plot, corresponding to Sector C1 of the curve measured on the cup surface, and the edge area with the highest 50% wear depth. The radius of curvature in Sectors C2 and C3 of the line plot, which corresponded to Sectors C2 and C3 of the curve shown on the wear map, varied moderately and was greater than that in the unworn areas (Sector C4), due to the mid-range of wear depth (Sector C2), and low range of wear depth (Sector C3).
In Figure 8 , the radius of curvature of the head had the highest value in Sector H2 of the line plot, which corresponded to Sector H2 of the curve measured on the head surface and the maximum wear depth. The radius of curvature in Sectors H1 of the line plot, which corresponded to Sectors H1 of the curve measured with the wear depth from low to high, had sharp changes at the transition zones from unworn to worn areas, and from the area with relatively high wear depth to the area with the highest wear depth, H1 to H2. The radius of curvature in Sector H3 of the line plot, corresponding to Sector H3 of the curve measured with the wear depth from high to low, had abrupt changes at the transition zone from the area with low wear depth to the unworn area, H3 to H4.
The patterns of variation in radius of curvature shown in Figures 7 and 8 were observed in 89% of the 42 pairs. The cups had greater variation in the radius of curvature than the heads. The average change of the radius of curvature for the cups was 11 mm (2-47 mm); and for the heads, 3 mm (0.6-7 mm) (Fig. 9) . In 88% of the heads and cups, the greatest radius of curvature occurred in areas with maximum wear depth. For the cups, this was at the edge areas (Fig. 7) , whereas for the heads, it was between the dome and equator (Fig. 8) .
DISCUSSION
This study assessed the distribution of wear volume and non-conformance at the head-cup interfaces of 42 pairs of retrieved ASR hips that had combined headcup wear volume >100 mm 3 . While all cups showed severe edge wear with an average maximum wear depth of 500 mm, the wear volume of the cups was not entirely concentrated at the edge areas (Fig. 3) . Rather, on average, 42% of wear volume generated from areas well inside the socket (Fig. 4) .
The head-cup conformance in the worn areas was critically deteriorated. On average, the head-cup clearance in the worn areas was about eight times greater than in the unworn areas (Fig. 5) , and the sphericity in the worn areas of the heads and cups was about 36 times and 84 times higher than that in the unworn (Fig. 6) . The radius of curvature of the worn surfaces of heads and cups varied widely and sharply (Figs. 7 and 8) , with an average variation of 11 mm (2-47 mm) for cups and 3 mm (1-7 mm) for heads (Fig. 9) .
Limitations
The present study had several limitations. First, there was potential inaccuracy in estimating percentage of wear volume of cups due to the edge and none-edge wear based in Regions A and B (Fig. 2) . These two regions were determined by the radius of the contact patch that was calculated using the Hertzian elastic contact formula, which was an approximation. The Hertzian formula includes some simplifying assumptions such as a static normal force and frictionless interface. Therefore, the true size of the contact patch may be different. In addition, the edge and non-edge wear areas had some overlap in Regions A and B, which could affect the percentage of wear volume attributed to none-edge wear in Region A, or edge wear in Region B.
Another limitation was that the curvature was calculated only for one representative curve on each bearing surface. While it was desirable to determine the curvature of more curves on the surface, or the curvature of the entire surface, this presented a challenge in the study cost. However, the wide-ranging variations of curvature of the one representative curve should provide convincing evidence of the deterioration and resultant non-conformance at the head-cup interface in the worn areas, due to the edge contact.
The excessive wear observed in these 42 pairs may be attributed to several mechanisms; but, the present study alone does not provide conclusive evidence regarding which of these mechanisms was the predominant cause of excessive wear. Specifically, information on acetabular cup orientation and activity level was missing in a large number of cases. In addition, our previous study of 541 retrieved ASR implants 16 demonstrated edge wear in the vast majority of the cups (97%). In 99 of the 532 cups (19%), despite the edge wear that was confined to the edge areas, total wear . Therefore, edge wear was not always associated with excessive wear. However, the severely deteriorated conformance at the worn areas shown in the present study would likely result in high contact stresses and interruption of lubrication in areas inside the cup, further degrading the conformance of the bearing surfaces with the potential to produce excessive wear.
Finally, clinical and imaging data was available for only a handful of cases in the present study, limiting our ability to correlate these against excessive wear. For example, only 17 cases reported any patient activity levels and imaging was available in only seven cases. Furthermore, imaging only indicated cup inclination and did not report anteversion angles. 35 cases reported duration of implantation; for these, wear generally increased with duration of implantation (R 2 ¼ 0.22). Additionally, the duration of implantation of these 35 cases, median 4.8 years (range 1.9-9.2) was slightly higher than the duration the remainder of the large collection of implants from which the cases for the present study were selected, median 4.1 years (range 0.1-9.9) (N ¼ 447). 16 
Distribution of Wear Volume
In the present study, the distributions of wear volume of the 42 cups showed that the excessive wear was generated not only at the edge but also at areas well inside the sockets. These results were consistent with the wear modes of MoM hip implants characterized in previous retrieval studies, 17, 21 which also indicated in vivo wear occurs at edge and socket areas simultaneously. International standards (ISO14242-1 & 3) have specified a "standard" wear mode for hip simulator wear tests, that is, no edge contact. In general, hip simulator studies using the standard wear mode are expected to produce a run-in phase with higher wear rates during the first million cycles, followed by a steady state phase with lower wear rates <1 mm 3 per million cycles. Contrary to this expectation, the results of hip simulator wear studies using a standard wear mode 22-26 (ISO14242-1 & 3) have reported between 20 and 40% of specimens with unexpected high wear even under well controlled test conditions and without edge contact. [24] [25] [26] The results of the present study are useful in investigating the possible mechanisms for excessive wear.
A number of studies have considered rim contact due to micro-separation or subluxation as the main cause for excessive wear observed clinically. 21, 27, 28 Rim contact can form a line contact between the articulating surface of the head and the lip of the cup, producing a more severe condition than edge contact. However, only six cases in the 42 pairs of the present study had evidence of subluxation, that is, narrow stripes on the femoral heads accompanied by rim damage on the cup; therefore, rim contact was not likely the main cause for excessive wear at edge and socket areas.
The arc cover angle of ASR cups of about 150˚is smaller than all other MoM implants. 7 This subhemispheric cup design had an available articulating surface less than a hemisphere. For example, in a cup with a diameter of 44 mm, the available articulating surface was less than 75% of a hemisphere. As a result, it is likely that ASR cups are more sensitive to inclination angle. In this situation, the head-cup contact patch is more likely to extend beyond the cup edge than in cups with greater coverage. In our previous study of 541 retrieved ASR implants, 16 edge wear was found in 97% of cups, compared to a 54-64% incidence of edge wear reported by other retrieval studies of MoM hip implants. [1] [2] [3] Deteriorated Conformance of the Bearing Surfaces The excessive wear at edge and socket areas of the 42 cups was consistent with their deteriorated conformance at the articulating surfaces, evident by increased clearance and sphericity, and widely and sharply varied radius of curvature of the heads and cups. It has been shown that head-cup conformance is essential for low wear performance of MoM hip implants by achieving optimal lubrication conditions and reduced contact stresses. 25, 29 Hip simulator wear studies with the standard socket contact mode have shown that, during the wear cycles, conformance may improve beyond initial conditions. For example, Bowsher et al. 25 reported reduced head-cup diametric clearance and minor changes of sphericity after 5 million cycles in a simulator wear study of MoM hip implants.
In contrast, instead of producing a more conforming contact interface, the worn areas of the 42 pairs in the present study had much higher clearance (Fig. 5) , and much higher non-sphericity for the cups and heads (Fig. 6) , than those in the unworn areas. Particularly, the radius of curvature of the bearing surface provided detailed features of the deteriorated conformance. The cups had a high peak and steep decrease of the radius of curvatrue at the edge areas (Fig. 7) , probably due to high rate of material removal by heavy linear wear (depth) in that location. The heads had a greater radius of curvature in the area with the highest wear depth, and sharp changes in the radius in the transition zones between the unworn to worn areas and between the low wear to high wear areas (Fig. 8) . This was most likely due to the combined effects of edge contact and socket contact on formation of wear scars. Due to severe non-conformance at the edge and socket areas, crucial conditions required for optimal tribological performance of MoM hip implants could not be maintained. 29 The Significance of the Radius of Curvature The sphericity and radius of curvature showed the same trend of non-conformance of the worn surfaces. However, when sphericity was calculated, the worn areas of the head usually had a smaller radius than 148 LU AND EBRAMZADEH that of the best-fit sphere. In contrast, when the radius of curvature was estimated, the worn areas of the head usually had a larger local radius due to the fact that the surface became less curved after wear. Similarly, a small flat patch due to wear on a sphere would be counted as minor non-sphericity, but would actually have a large local radius if calculated as the radius of curvature. Consequently, sphericity would underestimate the magnitude of non-conformance. As a result, the changes in sphericity of the worn areas of the 42 pairs were an average of 151 mm for heads and 341 mm for cups (Fig. 6) . On the other hand, the variations of the radius of curvature were one order of magnitude higher, with an average of 3 mm for the heads and 11 mm for cups in the worn areas (Fig. 9) .
CONCLUSION
In our previous study of 541 retrieved ASR implants, 16 42 pairs produced combined head-cup wear volume >100 mm 3 . The present study analyzed the bearing surfaces of these 42 pairs, demonstrating severely deteriorated conformance and increased clearance of worn areas, likely resulting in high contact stresses and interruption of lubrication, leading to excessive wear. While these conditions have widely been reported in edge areas, the present study is the first to demonstrate these conditions inside the socket bearing surfaces, well below the rim. Further studies are required to establish correlations among excessive wear and clinical and radiographic information, so as to determine the relative effects of implant and design-related factors, patient related factors such as levels and types of activity, and surgical factors such as positioning on the incidence of excessive wear.
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